ABSTRACT: Inter-alpha inhibitor proteins (IaIp) are serine proteases inhibitors that modulate endogenous protease activity and have been shown to improve survival in adult models of sepsis. We evaluated the effect of IaIp on survival and systemic responses to sepsis in neonatal mice. Sepsis was induced in 2-d-old mice with lipopolysaccharide (LPS), Escherichia coli, and group B Streptococci. Sepsis was associated with 75% mortality. IaIp, given by i.p. administration at doses between 15 and 45 mg/kg from 1 to 6 h after the onset of sepsis, improved survival to ϳ90% (p ϭ 0.0159) in both LPS-induced sepsis and with live bacterial infections. The greatest effect was on reversal of hemorrhagic pneumonitis. The effects were dose and time dependent. Systemic cytokine profile and tissue histology were examined. Survival was compared in IL-10 knock out animals. Systemic cytokine levels including TNF-␣ and IL-10 were increased after induction of sepsis and modulated significantly after IaIp administration. Because the effect of IaIp was still demonstrable in IL-10 deficient mice, we conclude the beneficial effects of IaIp is because of suppression of proinflammatory cytokines such as TNF-␣ rather than augmentation of IL-10. IaIp may offer significant benefits as a therapeutic adjunct to treatment of sepsis in neonates and adults. (Pediatr Res 68: 242-247, 2010)
S
epsis is a leading cause of morbidity and mortality in newborn and preterm infants (1) (2) (3) . In a large, multicenter, prospective, cross-sectional study from the NICHD Neonatal Research Network, the incidence of late onset nosocomial infection was 16% of 2,416 infants enrolled at 12 sites (3). The high continuing morbidity and mortality caused by sepsis, septic shock, and multiple organ failure may be attributable to the fact that the mediators and factors responsible for the pathophysiologic alterations of sepsis are not fully understood (4) . Antibiotic therapy may not be sufficient to reverse systemic inflammation and consequent organ injury accompanying sepsis.
Mediators involved in the progression of sepsis can induce the activation of phagocytes that release neutrophil proteases (5) . Experimental and clinical data have demonstrated that increased activity of neutrophil-derived serine proteases, such as leukocyte elastase and cathepsin G, play a prominent role in sepsis-related tissue damage (6) . Administration of protease inhibitors has been proposed as a therapeutic strategy to restore the balance between proteases and protease inhibitors in sepsis (7) . One such inhibitor is the inter-alpha inhibitor protein (IaIp) family (8 -10) . This is a group of structurally related serine protease inhibitors found at relatively high concentrations in human plasma. IaIp proteins are composed of heavy and light polypeptide subunits that are covalently linked by a glycosaminoglycan chain (10 -12) . The light chain, also called bikunin, contains the serine protease inhibitory activity of the molecules (13) . Bikunin is inactive when cross-linked in these complexes until it is released by partial proteolytic degradation. After cleavage from the complex, bikunin is cleared rapidly from plasma by glomerular filtration and receptor-mediated uptake (14) .
IaIp proteins are involved in many physiologic and pathologic activities. This includes tumor invasion and metastasis (15) , stabilization of the extracellular matrix (8), inflammation, and wound healing (16) . Recently, the involvement of IaIp in inflammatory diseases has become an area of intensive investigation. The release of neutrophil proteases, especially human leukocyte elastase, has been implicated in the progression of complications in both adult and neonatal patients with sepsis (9, 17, 18) . Plasma IaIp is particularly sensitive to cleavage by neutrophil elastase. The light chain released from the IaIp complex then exerts its inhibitory activity on serine proteases (19) . In vitro, IaIp inhibits several serine proteases that are involved in inflammation, including elastase, plasmin, and cathepsin G (20) . Clinical studies of patients with severe sepsis have revealed significant reduction in circulating IaIp caused by consumption and accompanied by an extended secretion of elastase (9, 17, 18) .
We have demonstrated markedly decreased concentrations of IaIp in plasma of septic adults (9, 21, 22) and neonates (23, 24) . Furthermore, the degree of reduction of IaIp in adults correlates with increased mortality (9, 21, 22) . In experimental models of sepsis, we have demonstrated that improved survival, improved hemodynamic and physiologic stability, re-duced hepatic injury, and reduced inflammatory cytokine production after IaIp (25, 26) . Jourdain et al. (27) have shown that administration of human IaIp markedly improved hemodynamics, tissue oxygenation, and pulmonary hypertension in a porcine model of endotoxic shock. There are no experimental studies on the effects of IaIp administration in neonates. The goal of our studies was to examine the effects of IaIp administration on survival and inflammatory cytokine production in microbiologically relevant models of neonatal sepsis (28, 29) .
MATERIALS AND METHODS
IaIp preparation. Human IaIp was purified as previously described by a combination of cryoprecipitation, solid phase extraction, and a series of chromatographic separations involving ion-exchange, heparin affinity, and hydroxyl apatite columns (25, 26) . The purity is Ͼ95%. This highly purified IaIp has shown no side effects including toxicity, thrombogenicity, or hypotension in studies in adult model systems (25, 26, 30) .
Neonatal Sepsis Models. All animal experiments were conducted under a protocol approved by the Institutional Animal Care and Use Committee, which conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (National Institutes of Health Publication No. 85-23, revised 1996) and in accordance with the Declaration of Helsinki principles. All mice used in this study were housed in a specific pathogen-free facility under the care of the Central Research Department of Rhode Island Hospital. All strains of mice, C57BL/6 IL-10 deficient animals (IL-10 Ϫ/Ϫ ), C57BL/6 wild type, and BALB/C wild type, were obtained from the Jackson Laboratory (Bar Harbor, ME).
The dose-dependent effects of lipopolysaccharide (LPS) were compared by injection of 5, 10, or 25 g s.c. in 2-d-old, mixed-gender BALB/c wild-type mice. The LPS preparation used was serotype O26:B6 Escherichia coli LPS (Sigma Chemical Co. Chemical, St. Louis, MO). Injection of 25 g of LPS s.c. resulted in survival of 25% after 80 h. This dose was used in subsequent experiments. Two-day-old mice (n ϭ 22) were injected with LPS and randomized into two groups. The IaIp animals (n ϭ 12) received 30 mg/kg body weight of highly purified human IaIp i.p. 1 h after LPS. Controls (n ϭ 10) received equal amount of human serum albumin (HSA). Survival was observed every 2 h for 80 h. Results were compared with the two groups. The effect of delayed administration of IaIp was tested by administration of IaIp to 6 h after the LPS dose. The dependence of survival on the dose of IaIp was compared by administration of three different doses, 15 mg/kg (n ϭ 5), 30 mg/kg (n ϭ 10), and 45 mg/kg (n ϭ 6) body weight 3 h after LPS. This dosing range was based on the previous studies in adult animal models (25, 26) .
Survival was also determined after injection of live E. coli or type 1 GBS. The virulent strain of K1 subtype of E. coli that we used was a clinical strain obtained from Dr. Stephen Opal Memorial Hospital of Rhode Island. The GBS strain was a clinical isolate obtained at Women & Infants Hospital of Rhode Island. Bacteria from a fresh overnight culture was inoculated into Luria-Bertani broth and grown to log phase in a shaking culture flask at 37°C and monitored spectrophotometrically until achieving an OD 560 of 0.38. Previous experiments using serial dilutions and direct plating of that innoculum were used to generate a standard curve for colony forming units (CFU)/mL of culture. Fresh culture was serially diluted into sterile PBS. The final injection volume for all doses of bacteria was 25 L. Survival was examined after s.c. administration of 10 4 to 10 7 E. coli CFU/pup. The effects of exogenous IaIp were examined after the administration of 30 mg/kg IaIp or HSA i.p. 1 h after the E. coli. Similarly, the dose-dependent effects of GBS were determined by s.c. administration of 10 4 to 10 7 CFU/pup, and the effects on survival were examined after a dose of 30 mg/kg IaIp 1 h after the GBS. All experiments with animals were approved by the Institutional Animal Care and Use Committee. The effect of IaIp was also compared in wild-type animals and in animals in which the anti-inflammatory cytokine IL-10 had been disrupted (IL-10 Ϫ/Ϫ ). Because of their heightened mortality in response to LPS, the dose response for lethality was first established in IL-10 Ϫ/Ϫ neonatal mice. The effect of IaIp on survival was then examined after LPS injection, as in the experiments with wild type animals, by i.p. injection of 30 mg/kg IaIp or human albumin 1 h after s.c. LPS.
Inflammatory Cytokine Responses. To examine the effects of IaIp on inflammatory responses, plasma cytokine levels were measured in IaIp-and albumin-treated groups. LPS administered s.c. as above was followed 1 h later by 30 mg/kg body weight of i.p. IaIp or albumin. Animals were killed at intervals, and pooled trunk blood was collected from three pups at 2, 6, 12, 24, 48, and 72 h after the LPS injection, from both IaIp and albumin-treated groups. Plasma was separated immediately by centrifugation and stored at Ϫ70°C for measurement of MCP-1, TNF-a, IL-10, IL-12p70, IFN-␥, and IL-6 by RIA (9) .
Statistics. The log rank test was used to calculate statistical differences in survival between the IaIp and the control group. Unpaired t testing was used to compare whether the group means were appropriate. In both cases, p Ͻ 0.05 was considered as statistically significant.
RESULTS
We administered graded doses of LPS s.c. to 2 to 3-d-old BALB/c wild type mice ( Fig. 1 panel A) . As can be seen, there was a dose-dependent mortality that reached 60 -70% by 48 h after the administration of 25 g per pup dose. In Figure 1B , it can be seen that administration of 30 mg/kg i.p. of IaIp 1 h after LPS challenge reversed mortality from 60 to 70% by 40 h to prolonged survival in ϳ90% of the pups. Increasing the dose to 45 mg/kg had no additional salutary effect. However, reducing the dose to 15 mg/kg decreased survival to 60%, which was still statistically significant, p Ͻ 0.05. We examined the timing of IaIp administration. Administration of IaIp as long as to 3 h after the LPS was still highly protective. If IaIp was administered, 1 to 3 h after LPS survival remained between 80 and 90%, Figure 1C . Delaying administration for 6 h reduced survival, which was nonetheless still significantly better than vehicle alone. 1 (blue, n ϭ 23), 3 (green, n ϭ 18) , or 6 h (red, n ϭ 16) after LPS. IaIp resulted in significantly better survival than each respective control, p Ͻ 0.001. HSA controls at the same time points: 1 (blue dotted, n ϭ 19), 3 (green dotted, n ϭ 19), and 6 h (red dotted, n ϭ 13).
We examined the effects of IaIp on E. coli and group B ␤ hemolytic Streptococcus (GBS) sepsis, the two most relevant pathogens in neonatal sepsis in human infants, to assess veracity of protection (2, 3, 28, 29, 31) . The virulent subtype of E. coli was grown to logarithmic phase in culture and then administered s.c. at doses from 4 ϫ 10 5 up to 2 ϫ 10 7 CFU/animal, Figure 2A . There was a high degree of lethality associated with the two highest doses, whereas 4 ϫ 10 5 CFU per pup resulted in reproducible lethality between 60 and 80% ( Fig. 2A and B) . Administration of 30 mg/kg of IaIp 1 h following the E. coli improved survival to ϳ90%, Figure 2B . Similar lethality and response to administration of IAIP was seen with a clinical isolate of type I GBS, Figure 2C . The s.c. administration of GBS resulted in 60% overall mortality in the albumin-treated group. Survival was increased to 80% after the administration of IaIp in the animals injected with GBS.
To examine the mechanisms of protection of IaIp, tissue samples were taken from randomly selected pups 24 h after the administration of 25 g of LPS. Histologic sections were reviewed by a pathologist not aware of the treatment groups. Sections of the lung parenchyma after LPS from an animal that received IaIp and sections after LPS in a control animal that received albumin are shown in Figure 3 . The control lung showed marked thickening of the alveolar septae, a pronounced polymorphonuclear leukocyte infiltration, and some pulmonary hemorrhage, Figure 3A . In contrast, IaIp administration was associated with preservation of largely normal lung parenchymal architecture, Figure 3B . Changes in other organs (liver, kidney, and intestine) were similar but less pronounced (not shown). Whole blood and plasma were collected and examined by Western blot and ELISA to determine the time course for decrements in endogenous, mouse IaIp, and the prealpha inhibitor. The plasma concentration of both IaIp and PaI decreased significantly after the LPS-induced sepsis, Figure 4A . The differences between each time point are all significant, Figure 4B , p Ͻ 0.05.
To examine the effect of IaIp on systemic immune responses, LPS was administered to animals as described above followed by timed sacrifice and collection of trunk blood for cytokine measurements. The results are shown in Figure 5 . By 3 h after LPS, the plasma concentration of the proinflammatory cytokine TNF-␣ was increased to ϳ25,000 pg/mL and remained elevated for 12 h. Similarly, the immunomodulatory cytokine IL-10 was increased after LPS injection, reaching a peak concentration of Ͼ2,500 pg/mL at 6 h. Most remarkably, administration of IaIp (30 mg/kg) 1 h after LPS injection nearly completely attenuated the increase in the plasma concentration of TNF-␣. TNF-␣ was reduced to almost baseline levels at 3 h after IaIp (p Ͻ 0.03). In contrast, the increase in To determine the contributions to the beneficial effect of IaIp on survival from suppression of proinflammatory cytokine production or augmentation of IL-10 secretion, we performed similar experiments in animals in which the IL-10 gene had been disrupted (IL-10 Ϫ/Ϫ ). The IL-10 Ϫ/Ϫ animals showed a markedly heightened susceptibility to mortality after LPS. We systematically compared 10, 2.5, and 0.25 g in IL-10 Ϫ/Ϫ animals (Fig. 5B) . LPS was highly lethal but by reducing the dose to 0.25 g/mouse, we observed a survival of up to 40% at 60 h. Administration of IaIp to IL-10 Ϫ/Ϫ animals 1 h following 0.25 g LPS was associated with Ͼ90% survival (Fig. 6B) . IaIp prolonged survival in the IL-10 Ϫ/Ϫ animals receiving the higher LPS doses, albeit death was observed in all by 50 h (p Ͻ 0.05).
DISCUSSION
In these studies, we show improved survival after the administration of IaIp in neonatal sepsis because of LPS and live E. coli and GBS, the most important organisms in the epidemiology of neonatal sepsis (3, 20, 31) . Taken together with our other findings, these results suggest that administration of IaIp elicits potent immunomodulatory actions that lead to survival in neonatal sepsis even when administered at delayed time points. These observations suggest that deficiency of these regulatory protease inhibitors may play a pathophysiologic role in systemic inflammation and sepsis (32, 33) .
The host immune response leads to a proinflammatory cascade, which continues even after the responsible organisms are killed despite administration of antibiotics. Recently, studies in adult humans with severe sepsis and organ dysfunction have demonstrated an improvement in survival after adminis- tration of antibiotics and recombinant-activated protein C (34) . The reduction in the risk of death was modest (6%); however, there was an apparent increase in associated risk of bleeding. Activated protein C promotes fibrinolysis and suppresses immune system activation. The increase in bleeding with activated protein C administration is a relatively strong contraindication in newborn infants, especially in preterm infants. Indeed, a randomized, controlled trial in children aged 38-wk gestation to 17 y failed to identify any benefits of activated protein C but noted an increase in the risk of bleeding in infants Ͻ60 d of age (35) .
Clinical studies in patients with severe sepsis show significant reduction in the circulating concentration of IaIp that correlate with increased mortality in septic adult patients (9, (21) (22) (23) (24) . We and others have shown improvement in survival of adult animals in experimental models of sepsis associated with a decrease in organ dysfunction and a marked reduction in the production/secretion of the proinflammatory cytokine TNF-␣ (25) (26) (27) . The experiments reported here demonstrate that i.p. administration of IaIp to 2-d-old mice after the induction of sepsis syndrome was associated with a doseand time-dependent improvement in survival, suppression of secretion of proinflammatory cytokines such as TNF-␣, and augmentation of IL-10 and IL-12p70 production. The improvement in survival was seen in animals with genetic deficiency in IL-10, suggesting that the beneficial effect of IaIp on survival resulted from alteration in TNF-␣ levels and other cytokines rather than augmentation of IL-10 or IL-12p70 secretion.
Neutrophils, monocytes, macrophages, and Kupfer cells all produce significant amounts of TNF-␣ when exposed to high levels of endotoxin. Coeshut et al. (36) have further shown that neutrophils contribute to augmented TNF-␣ and IL-1␤ secretion by release of proteases, such as proteas-3, elastase, and cathepsin G, in a TNF-␣ converting enzyme (TACE) and ICE (IL-1␤ converting enzyme) independent manner. Similarly, IL-6 is produced in response to stimulation by endotoxin IL-1␤ and TNF-␣ (37). We observed marked suppression in the levels of TNF-␣ in the animals treated with IaIp. Taken together, these findings stress different pathways of TNF-␣ biosynthesis/processing and provide insight into mechanisms for the immunomodulatory effect of the protease inhibitor IaIp. Hepatic Kupfer cells are the main source of IL-10, an immunomodulatory cytokine that protects mice against endotoxic shock by preventing excessive production of proinflammatory cytokines (38) . Because the effect of IaIp on survival was still demonstrable in IL-10 deficient mice, we conclude the beneficial effects of IaIp is because of more suppression of proinflammatory cytokines such as TNF-␣ and others rather than augmentation of IL-10 production.
Models of sepsis in experimental animals have been used widely to develop new and effective therapies. Models that use live organisms better recapitulate the characteristics of disease progression and organ dysfunction that accompanies sepsis than models using endotoxin alone (8, 29) . IaIp has been demonstrated to be effective now in a wide range of conditions (25, 26, 30) . IaIp is not only therapeutic but also may have both diagnostic and prognostic value. As already noted, low levels of IaIp are associated with sepsis in adult humans and human neonates (9, (21) (22) (23) (24) . Most recently, we have demonstrated that in longitudinal studies of IaIp levels in severely septic patients that failure of IaIp levels to recover over the first 5 d of sepsis is associated with a poor outcome (22) . In addition, our most recent data looked cross-sectionally at large numbers of human newborns with sepsis and GA and postnatally agematched controls. We studied the receiver/operating characteristics needed to identify optimal predictive values of plasma IaIp levels in neonatal sepsis (24) . Using a computer-derived cutoff value of 177 g/mL, we demonstrated a sensitivity of 89.5%, a specificity of 99%, a positive predictive value of 95%, and a negative predictive value of 98%. The area under the ROC curve was 0.94, p Ͻ 0.001.
In this study, we observed comparable survival after the induction of a systemic immune response syndrome (SIRS) mimicking sepsis because of LPS in animals that received either 30 or 45 mg/kg body weight IaIp, which suggests that larger doses are unlikely to offer additional benefits. We also compared administration of IaIp after 1 h with delayed administration of IaIp until 3 or 6 h. The beneficial effects on survival were seen even when IaIp administration was delayed 3 to 6 h after induction of sepsis. The results further demonstrate the effects of IaIp administration on immune system activation and organ dysfunction. Our results suggest that administration of IaIp exerts potent immunomodulatory actions that lead to a beneficial effect in septic newborn mice. IaIp may be an effective adjunct to treatment of severe sepsis in neonates or adults and warrants clinical investigation.
